The unique physical properties of buckminsterfullerene, C 60 , have attracted intense research activity since its original discovery. Total quantum state-resolved spectroscopy of isolated C 60 molecules has been of particularly long-standing interest. Such observations have, to date, been unsuccessful owing to the difficulty in preparing cold, gas-phase C 60 in sufficiently high densities. Here we report high-resolution infrared absorption spectroscopy of C 60 in the 8.5-micron spectral region (1180 to 1190 wave number). A combination of cryogenic buffer-gas cooling and cavity-enhanced direct frequency comb spectroscopy has enabled the observation of quantum state-resolved rovibrational transitions. Characteristic nuclear spin statistical intensity patterns confirm the indistinguishability of the 60 carbon-12 atoms, while rovibrational fine structure encodes further details of the molecule's rare icosahedral symmetry.
The unique physical properties of buckminsterfullerene, C 60 , have attracted intense research activity since its original discovery. Total quantum state-resolved spectroscopy of isolated C 60 molecules has been of particularly long-standing interest. Such observations have, to date, been unsuccessful owing to the difficulty in preparing cold, gas-phase C 60 in sufficiently high densities. Here we report high-resolution infrared absorption spectroscopy of C 60 in the 8.5-micron spectral region (1180 to 1190 wave number). A combination of cryogenic buffer-gas cooling and cavity-enhanced direct frequency comb spectroscopy has enabled the observation of quantum state-resolved rovibrational transitions. Characteristic nuclear spin statistical intensity patterns confirm the indistinguishability of the 60 carbon-12 atoms, while rovibrational fine structure encodes further details of the molecule's rare icosahedral symmetry. U nderstanding molecules as quantum mechanical systems is a central objective of chemical and molecular physics. The complex internal dynamics of these systems evolve over wide energy and time scales, as exhibited by the various electronic, vibrational, rotational, and spin degrees of freedom. Polyatomic molecules, in particular, offer the prospect of probing many-body physics in strongly interacting systems. The most comprehensive characterization of a molecular Hamiltonian, which governs intramolecular dynamics, is provided with high-resolution spectroscopy. When a polyatomic molecule is sufficiently cold to concentrate the population into, and thereby spectrally probe, a single rovibrational state, we achieve the unimolecular equivalent of a pure quantum state at absolute zero in the rest frame of the molecule. The precise measurement of transition energies between individual molecular eigenstates yields detailed information about strong, multibody interactions between atoms in a unimolecular polyatomic lattice, thus providing profound insights into complex molecular structure and ensuing interaction dynamics.
Here we report a rotationally resolved spectrum of the 8.5-mm vibrational band of buckminsterfullerene, C 60 . Following the discovery of C 60 by Kroto et al. in 1985 (1) , infrared (IR) and 13 C nuclear magnetic resonance spectroscopy confirmed its caged, icosahedral structure (2-7). Subsequent spectroscopic and analytical techniques, including x-ray and electron diffraction (8, 9) , optical Raman and neutron scattering (10) (11) (12) (13) (14) (15) , matrix isolation IR spectroscopy [see (16) (17) (18) and references therein], and photoelectron spectroscopy (19, 20) , have greatly advanced our understanding of this unique molecule. Spec-troscopy has also played a central role in the astronomical detection of C 60 and its derivatives (21, 22) . High-resolution IR absorption measurements may help resolve current uncertainties regarding the physical state of astronomical C 60 (18) . However, to date, there have been no reports of rovibrational quantum state-resolved measurements of C 60 molecules. The experiments reported here thus establish C 60 as the largest molecule, and the only example of rare icosahedral symmetry, for which a complete internal quantum state-resolved spectrum has been observed.
Although quantum state-resolved rovibrational spectroscopy is routine for small, light molecules, systems as large and heavy as C 60 are much less amenable to high-resolution characterization owing to several intrinsic and technical challenges. The increase in both the number of vibrational modes and the magnitude of the moment of inertia for every additional atom results in considerably more rotation-vibration states populated at a given internal temperature. Rovibrational states excited by an IR photon may be strongly coupled to a highly congested manifold of background dark states, the density of which grows rapidly with increasing internal energy, leading to intramolecular vibrational redistribution (IVR) (23) . The Doppler broadening of optical transitions due to finite translational temperature serves only to exacerbate this spectral congestion. Furthermore, the low gas-phase densities achievable for heavy, nonvolatile species require high detection sensitivity.
These various experimental challenges are addressed by cooling the translational and internal temperatures of gas-phase molecular samples and probing them at lower internal energy with longer wavelength light. The method of cryogenic buffer-gas cooling is particularly effective for large, heavy molecules (24, 25) . We have recently demonstrated the integration of a buffergas cooling source with cavity-enhanced direct frequency comb spectroscopy (CE-DFCS) in the mid-IR (26, 27) , which enables sensitive, broad-band, high-resolution absorption measurements (28, 29) . We have since made substantial changes to the buffer-gas cooling conditions to permit the preparation and detection of cold, gas-phase samples of even heavier molecules and have extended the spectral window of this apparatus to the longwave IR (LWIR) region (30) . We have targeted the 8.5-mm vibrational band because it is the lowestenergy IR active mode that falls within our accessible wavelength region. Figure 1A depicts a simplified view of the apparatus used for C 60 cooling and spectroscopy. A 950 K copper oven sublimates solid C 60 samples, generating gas-phase molecules with an average internal energy of 6 to 8 eV per molecule populating 10 26 to 10 30 vibrational quantum states, as shown in Fig. 1B . These hot molecules flow into a cell anchored to a cryogenic cold finger, where they are thermalized close to the cell-wall temperature via collisions with cold buffer-gas atoms introduced through an annular slit inlet plate surrounding the cell entrance aperture. We interrogate the cold gas-phase molecules with CE-DFCS by coupling a frequency comb into a high-finesse optical cavity surrounding the cold cell, which enhances the absorption signal by a factor on the order of the cavity finesse (F = 6000). The LWIR frequency comb light centered near 8.5 mm is produced by difference frequency generation (DFG) with two near-IR frequency combs originating from a single mode-locked fiber laser (31) . The comb contains narrow teeth at optical frequencies n m = m × f rep + f 0 , where m is the integer mode index, f rep is the repetition rate, and the offset frequency f 0 can be introduced via an external acousto-optic modulator before the difference frequency step. The intensity of each comb tooth transmitted through the cavity is read out using a broadband scanning-arm Fourier transform interferometer (32, 33) . Additional experimental details are provided in the materials and methods (34) .
Our first attempts at observing cold gas-phase C 60 with low-pressure helium buffer gas conditions similar to our previous work (26, 27) yielded no detectable absorption. However, when the vacuum chamber was flooded with a high pressure of helium buffer gas, a single broad, unresolved absorption feature appeared, as shown by the red trace in Fig. 2A . We attribute this spectrum to partially cooled C 60 molecules that remain warm enough to occupy many vibrational quantum states. This is not surprising: As can be seen in Fig. 1B , even at room temperature, the vibrational partition function is greater than 10 3 . This finding suggested that both a higher number of collisions and more-efficient energy transfer per collision would be required to thermalize C 60 to its ground vibrational state (35) . Indeed, we ultimately produced a sufficiently dense, cold C 60 sample by (i) increasing the buffer-gas mass by switching from helium to argon and (ii) carefully optimizing the buffergas flow and oven positioning relative to the inlet slit. The spectrum acquired at these conditions is shown by the blue trace in Fig. 2A and exhibits well-resolved rovibrational fine structure, with narrow linewidths on the order of 20 MHz (fig. S1). The peak absorption, near the band origin, is 10% of the cavity-transmitted comb mode intensity. From the magnitude of the integrated absorption cross section (17) , we estimate the number density of cold C 60 to be 4 × 10 11 cm −3 . Observing the appearance and evolution between the broad and narrow signals was greatly facilitated by the wide spectral bandwidth of the frequency comb, which covers the entire breadth of the observed vibrational band. The inferred rotational temperature is about 150 K (34), nearly equal to the cellwall temperature of 135 K, which is kept well above argon's condensation point of 87 K.
The observed fine structure in the infrared spectrum encodes fundamental details of the quantum mechanical structure of C 60 . To the zeroth order, the rotations of C 60 can be considered as those of a spherical top with total angular momentum operator J (36). The associated rotational quantum states are jJ; k; mi, where J = 0, 1, 2, … is the total angular momentum quantum number and k, m = −J, …, +J are the projection quantum numbers of the body-fixed component (J z ) and lab-fixed component (J Z ) of J, respectively. The triply degenerate vibrational mode of T 1u symmetry that gives rise to the infrared band can be modeled as a three-dimensional isotropic harmonic oscillator with vibrational angular momentum operator ' ' ' '. Its quantum states are jn; ' '; k ' i, where n is the total number of vibrational quanta; ' ¼ n; n À 2; n À 4; … is the vibrational angular momentum quantum number; and k ' ¼ À'; …; þ' is the projection quantum number of the body-frame projection (' z ) of ' '.
The uncoupled rovibrational product wavefunctions jJ; k; mijn; '; k ' i are simultaneously eigenfunctions of J 2 , ' ' 2 , J z , ' z , and J Z . It is useful to define the "pure rotational" angular momentum R ¼ J À ' ', the eigenfunctions of which can be constructed by transforming the uncoupled product wavefunctions using standard angular momentum coupling relations (36) . This yields total coupled rovibrational wavefunctions of the form jR; k R ; J; '; n; mi , where R is the angular momentum quantum number of R and k R = −R, …, +R is the body-fixed projection. As usual, the values of R satisfy the triangle inequality R ¼ jJ À 'j; …; J þ '. In this work, we are concerned only with the ground vibrational state with n ¼ ' ¼ 0 and the excited T 1u vibrational state, populated by the IR photon, with n ¼ ' ¼ 1 . Therefore, in the ground vibrational state, R = J; similarly, in the excited state where '
The energies of the states we observe are determined by effective rotational Hamiltonians for each vibrational state. The simplest possible effective Hamiltonian for the ground vibrational state is that of a rigid spherical top
where B″ is the ground state rotational constant, which is inversely proportional to the moment of inertia. The ground state wavefunctions jR ¼ J; k R ; J; ' ¼ 0; n ¼ 0; mi are eigenstates of H gr with energies
This energy is independent of k R and m, leading to the usual (2R + 1)(2J + 1) = (2J + 1) 2 sphericaltop ground-state degeneracy factor.
The excited vibrational state is described to lowest order by a slightly more sophisticated effective Hamiltonian,
where n 0 is the vibrational band origin, and B′ is the excited state rotational constant, which differs slightly from B″ owing to changes of the moment of inertia upon vibrational excitation.
The new rightmost term arises from Coriolis forces that couple the total angular momentum J and the vibrational angular momentum ' ', with ' ¼ 1. The z constant encodes the strength of this coupling, which is determined by the geometric details of the vibrational normal mode. The excited state wavefunctions jR; k R ; J; ' ¼ 1; n ¼ 1; mi are eigenstates of H ex with energy levels at again with a degeneracy of (2R + 1)(2J + 1). As R ¼ J; jJ T 1j, the excited state energies sort into three distinct manifolds (37)
where E J = n 0 + B′J(J + 1) is the pure vibrational and rigid rotor contribution to the energy. Physically, these manifolds correspond to states where J and ' ' ' ' are mutually antiparallel, perpendicular, and parallel, respectively.
Rovibrational transitions between the ground and excited T 1u vibrational states of spherical tops such as C 60 are governed by the usual strict D J = 0, ±1 rule and an additional DR = Dk R = 0 rule (36) . These allowed transitions are illustrated in the level diagram of , according to the energy expressions in Eq. 5.
Inspection of the level diagram in Fig. 2B shows that states with certain values of R are missing. This is, in fact, an exceptional example of nuclear spin statistics at work. The carbon nuclei in pure 12 C 60 are each identical spin-0 bosons, so any permutation of nuclei must leave the total molecular wavefunction unchanged. This imposes the strict condition that only states with a total rovibronic symmetry of A g (+ parity) or A u (− parity) in the I h point group may exist. Group theoretical analysis (38) of the rovibrational wavefunctions shows that this condition is met only with certain linear combinations of k R states for a given value of R. In fact, only a single such linear combination is possible for R = 0, 6, 10, 12, 15, 16, 18, 20 to 22, and 24 to 28, with other values of R < 30 having no allowed states. (For levels with R ≥ 30, the number of allowed states is equal to 1 plus the number of states for R minus 30.) The unusual patterns of allowed angular momentum quantum numbers are intimately related to the two-, three-and fivefold symmetry axes of an icosahedron. In the high-R limit, only 1 in 60 states exist, owing to the drastic effects of these 12 C nuclear spin statistics.
Taking the zeroth-order energies, selection rules, and spin statistics all together leaves the predicted spectrum plotted in black in Fig. 2A . It consists of a sharp Q branch surrounded by P and R branches containing lines evenly spaced by approximately (B″ + B′)(1 -z) ≈ 0.0078 cm −1 . The qualitative appearance of the measured R and Q branch regions is consistent with the simulation, whereas there is substantial disagreement in the P branch. The portions of the spectrum shown in Fig. 3 provide a closer view of this behavior.
The R branch exhibits a regularly spaced progression of transitions R(J) that we have assigned from J ≈ 60 to 360. Transitions outside this range are below our detection sensitivity. Such high values of the total angular momentum quantum number have been rarely observed, if ever, by rotationally resolved frequency domain spectroscopy. Portions of the measured and simulated R branch from J = 160 to 200 are shown in Fig. 3A . Despite the noise in the measured absorption, these transitions clearly show the expected discrete intensity variations in the correct integer ratios. Such patterns are a basic consequence of the quantum mechanical indistinguishability and the perfect icosahedral arrangement of the carbon nuclei that make up 12 C 60 .
Quantitative analysis of the R branch transition frequencies permits extraction of spectro-scopic constants. The energy expressions in Eqs. 2 and 5 yield expected transition frequencies of
where B ≡ ðB′ þ B″Þ=2 is the mean value of the lower-and upper-state rotational constants and DB ≡ B′ À B″ ≪ B is their difference. Figure 4A shows the measured positions (34) as a function of lower state J, which follow the expected nearly linear dependence. Figure 4B shows the residuals from a fit of Eq. 6 to the measured line positions, displaying two avoided crossings arising from perturbations in the excited state. The fitted spectroscopic parameters are summarized in Table 1 . The R branch transition frequencies are well reproduced despite the simplicity of the zerothorder Hamiltonian, which ignores centrifugal distortion effects, and the very high range of J. A complete listing of the~300 transition frequencies used in this fit is given in data S1 (39) .
The quantum state-resolved spectrum of C 60 provides structural information of isolated gasphase molecules through the rotational fine structure. Although the transitions included in our initial analysis do not yet allow an independent determination of B″ and z, if we assume a range of z = −0.30 to −0.45 based on theoretical calculations (37), we can estimate B″ ¼ 1 hc ℏ 2 2I ≈ 0.0027 to 0.0030 cm −1 , where I is the effective moment of inertia of the ground vibrational state, ħ is Planck's constant h divided by 2p, and c is the speed of light. Given I ¼ 2 3 mr 2 for a spherical shell of mass m and radius r, the corresponding range of radii is 3.4 to 3.6 Å. This is consistent with a previous gas-phase electron diffraction measurement of 3.557(5) Å, which includes thermal averaging effects that lengthen the measured radius relative to that of the vibrational ground state (8) . Further analysis of the rotational fine structure of 12 C 60 (and ultimately 12 C 59 13 C) will be necessary to constrain B″ and z independently and completely determine the gas-phase structural parameters. Our measured value of DB implies that the effective C 60 radius increases by only 0.005% upon excitation of the observed vibrational mode, which is primarily of a surfacetangent C-C bond stretching character. The narrow IR transition linewidths (about 20 MHz) to the excited vibrational state provide a lower bound for its IVR lifetime of at least 8 ns, despite being embedded in a dense manifold of dark vibrational states. This is consistent with our expectation that the high degree of icosahedral symmetry substantially restricts rovibrational coupling.
The Q branch region is shown in Fig. 3B . There are several unresolved features here, though each is still quite narrow on an absolute scale of 0.01 to 0.03 cm −1 . The highest frequency feature is assigned as the Q branch of the 12 C 60 isotopologue in its ground vibrational state. Centrifugal distortion effects create a band head observed near J = 250 (inset of Fig. 3B ). The remaining features in the Q branch region are not definitively assigned. Although they are possibly hot-band transitions of the 12 C 60 isotopologue, we believe they most likely derive from the singly substituted 12 C 59 13 C isotopologue. Despite a 13 C natural abundance of only 1.1%, the 60 equivalent substitution sites lead to a notably high ( 12 C 59 13 C): 12 C 60 ratio of about 2:3. The substitution breaks the icosahedral sym-metry of C 60 , splitting the threefold degeneracy of the vibrational level and nullifying the nuclear spin statistics. Many more rotational levels and transitions are expected, which will be further split by the nonspherical moments of inertia (40) .
Finally, two representative portions of the P branch are shown in Fig. 3C . Here, the zeroth-order simulation fails to capture either the position or number of observed transitions. This complicated fine structure is likely due to high-order centrifugal distortion terms not included in the simulated spectrum (41) . The zeroth-order Hamiltonians, Eqs. 1 and 3, contain only scalar terms that preserve the spherical degeneracy of the (2R + 1) body-fixed projections of R. Whereas most of these substates are eliminated by the 12 C nuclear spin statistics, the degeneracy of the remaining substates can be broken by nonscalar centrifugal distortion terms. These so-called "icosahedral splitting" terms (41) lead to subsequent splittings of the observed transitions. In the ground state, the lowest-order nonscalar centrifugal distortion term scales as J 6 , whereas such terms can appear in the excited state that scale only as J 4 . Owing to the large J values observed here, it is not surprising that such effects become important. However, to date, there have been no theoretical predictions of the magnitude of these icosahedral splitting terms. A full analysis of this portion of the spectrum Table 1 , exhibit apparent avoided crossings near J = 215 and 275, which are possible signatures of local dark-state perturbers in the upper state. The error bars are 1s line-center uncertainties determined from lineshape fit residuals (34) .
is most effectively treated within the irreducible spherical tensor formalism (42) . The present experiments point toward an exciting future direction of fullerene research. The general applicability of buffer-gas cooling establishes the possibility of similar studies, using vibrational, electronic, or other spectroscopies, on larger fullerenes such as C 70 ; endofullerenes, wherein an atom or small molecule is encapsulated in a closed fullerene cage; or even pure 13 C 60 , which represents a pristine example of a spin-½ network on a spherical lattice. Ultimately, precision spectroscopy of such targets is the first step toward single quantum state preparation and control of large molecular systems.
